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Although many high-energy neutrinos detected by the IceCube telescope are believed to have an
extraterrestrial origin, their astrophysical sources remain a mystery. Recently, an unprecedented
discovery of a high-energy muon neutrino event coincident with a multiwavelength flare from a
blazar, TXS 0506+056, shed some light on the origin of the neutrinos. It is usually believed that a
blazar is produced by a relativistic jet launched from an accreting supermassive black hole (SMBH).
Here we show that the high-energy neutrino event can be interpreted by the inelastic hadronuclear
interactions between the accelerated cosmic-ray protons in the relativistic jet and the dense gas
clouds in the vicinity of the SMBH. Such a scenario only requires a moderate proton power in the
jet, which could be much smaller than that required in the conventional hadronic model which
instead calls upon the photomeson process. Meanwhile, the flux of the multiwavelength flare from
the optical to gamma-ray band can be well explained by invoking a second radiation zone in the
jet at a larger distance to the SMBH. In our model, the neutrino emission lasts a shorter time than
the multiwavelength flare so the neutrino event is not necessarily correlated with the flare but it is
probably accompanied by a spectrum hardening above a few GeV.
I. INTRODUCTION
Detection of extraterrestrial high-energy neutrinos
opens a new era of neutrino astronomy[1]. The approx-
imate isotropic distribution of these neutrino events in
the sky suggests a large fraction comes from extragalac-
tic sources. It is commonly accepted that high-energy
neutrinos are produced in the hadronic interactions of
high-energy cosmic rays with matter or with photon fields
inside the sources, in which charged pions are generated
and give birth to neutrinos when they decay. Various ex-
tragalactic astrophysical objects, such as starburst galax-
ies (e.g.,[2–4]), tidal disruption events (e.g.,[5–7]), active
galactic nuclei (AGN) (e.g.,[8–12]), have been investi-
gated as the possible neutrino sources. Recently, Ice-
Cube detected a very-high-energy muon neutrino event
IC-170922A on 22 September 2017 which was identified
by the Extremely High Energy (EHE) track event se-
lection [13]. The energy of the neutrino event is esti-
mated to be between 200TeV and 7.5PeV at 90%C.L.
with the most probable energy to be ∼ 300TeV, by as-
suming a power-law neutrino spectrum with an index of
−2 [14]. Coincidently, The Fermi Large Area Telescope
(Fermi-LAT) reported that a blazar, or more specifically,
a BL Lac object TXS 0506+056 at redshift z = 0.3365
[15] is located inside the event error region of 1◦, with
an increase of the 0.1 − 300GeV flux by a factor of 6
during 2018 September 15–27 compared to the 3FGL
flux [16]. The follow-up observations on this object by
various telescopes in various wavelengths also returned
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positive detections, including a significant detection by
MAGIC telescopes at > 100GeV [17], X-ray emissions
by Swift/XRT and NuSTAR [18], optical emissions by
the ASAS-SN survey and various telescopes [19], as well
as emission in radio band by VLA[20]. The chance coin-
cidence of the high-energy neutrino event with the mul-
tiwavelength flare is disfavoured at the 3σ level [14], sug-
gesting the BL Lac object TXS 0505+056 may be coun-
terpart of the neutrino event and hence a cosmic ray (CR)
source.
BL Lac objects are regarded as a species of AGN in
the unification schemes, with a relativistic jet pointing
closely to the observer. The SMBH that supplies the jet
is usually found to be surrounded by partially ionised
high-density clouds emitting broad lines at a distance of
dBLR = 0.001 − 0.1 pc to the SMBH, and hence the re-
gion is also known as the broad line region (BLR). It is
usually believed that the BLR reprocesses a fraction of
the luminosity of the SMBH accretion disk into its own
emission. If the launched jet extracts a lot of energy from
the SMBH, the disk emission is relatively weak in a pic-
ture of jet-disk symbiosis [21], leading to a low luminosity
of the BLR. The nondetection of the BLR emission from
TXS 0506+056 then could be due to a low BLR lumi-
nosity outshone by the bright nonthermal emission from
the jet, similar to the concept of the “masquerading” BL
Lac as suggested in Ref.[22]. Thus, we can still assume
the presence of high-density BLR clouds in the vicinity
of the SMBH for TXS 0506+056 [23]. Actually, possible
indications of BLR emission has been found in other BL
Lac objects [e.g. 24–30], typically with a luminosity of
1040 − 1042 erg s−1). The BLR clouds orbit the SMBH
and naturally provide targets for inelastic hadronuclear
interactions or proton-proton (hereafter, pp) collisions
2once they enter the jet[31, 32].
In this work, we will study the neutrino production in
the BLR via interactions between CR protons accelerated
in the jet and clouds that enter the jet. We will show that
a sufficient neutrino production rate can be expected in
this scenario to explain the IceCube detection with the
jet’s proton power being still smaller than the Edding-
ton luminosity of the SMBH. The multiwavelength flux
can be reproduced simultaneously by invoking a second
radiation zone. The rest part of this paper is organized
as follows: we describe the physical picture of our model
in Section II. We perform calculation and show the re-
sults in Section III. The discussion and the conclusion
are presented in Section IV and Section V, respectively.
II. GENERAL PICTURE OF THE MODEL
The atomic density of a single BLR cloud is nc ∼ 109−
1011 cm−3, with a size of the cloud rc ∼ 1013 − 1014 cm
[33, 34]. The typical number of individual BLR clouds
is estimated to be ∼ 107. There may also exist dif-
fuse inter-cloud medium of lower-density in the BLR
[33]. The typical mass of BLR in a typical AGN, es-
timated from line emissions, is about MBLR ∼ 1M⊙,
but there probably exists much more gas emitting less
efficiently and hence the total mass of gas in the BLR
may be much higher, up to 103 − 104M⊙ in the ex-
treme case [35]. This provides a high gas column density
NH ≃ 1024(MBLR/10M⊙)(dBLR/3×1016 cm)−2 cm−2 for
neutrino production. Considering the possbility that
heightened activity of the SMBH enhances the jet mov-
ing with an average bulk Lorentz factor Γj (or a bulk
velocity of vj = c
√
1− Γ−2j ). Some dissipation pro-
cesses, such as internal collisions between different parts
of the jet due to the velocity inhomogeneity, or via the
internal-collision-induced magnetic reconnection and tur-
bulence [36] mechanism, may occur inside or close to the
BLR. If the jet loads a certain amount of protons, a frac-
tion of the protons can be accelerated to relativistic en-
ergies and interact with clouds in the BLR via the pp
collision. Assuming these CR protons will move the jet
flow, the BLR clouds provide an interaction efficiency of
fpp = κσppNH = 0.03(NH/10
24 cm−2) where κ ≃ 0.5 is
the inelasticity of the interaction and σpp ≃ 50mb is the
cross section of the pp collision. From this, one can see
that due to the high gas density in the BLR, a proton can
lose a considerable fraction of energy in the pp collision.
High-energy electron/positron pairs and gamma-ray
photons are also generated in the pp collisions along
with neutrinos. Unlike neutrinos, high-energy elec-
trons/positrons and gamma-ray photons can initiate
electromagnetic (EM) cascades in the BLR, by inter-
acting with photon fields, magnetic fields and matter
in the system via various mechanisms: for relativistic
electron/positron, there are mainly three radiation
processes, namely, synchrotron radiation in the magnetic
field, inverse Compton radiation in the photon field and
bremsstrahlung radiation in high-density gas, giving rise
to multiwavelength emission; for gamma rays, the main
interaction is the γγ annihilation with the background
photon field in the BLR. An electron/positron pair will
be generated in each γγ annihilation. For simplicity, we
assume a homogeneous distribution of the photon density
inside the BLR. The photon spectrum is assumed to be a
grey body distribution with a dilution factor cBLR which
is obtained by LBLRRBLR/c = cBLRaT
4
BLRR
3
BLR. Here
a is the radiation density constant and the temperature
TBLR is assumed to be 22000K so that after multiplying
the Boltzmann constant k we have kTBLR = 1.9 eV which
is the energy of the Hα emission line. The intrinsic
BLR luminosity of an AGN is usually comparable or
several times larger than its narrow line luminosity [37],
while the latter one of TXS 0506+056 is found to be
a few times 1041 erg s−1[15]. For reference, we assume
an intrinsic BLR luminosity LBLR ∼ 3 × 1041erg s−1,
such that the photon number density in the BLR
around the peak energy εp ≃ 2.82kTBLR = 5.4 eV
of the spectrum is nph ≃ 1010(LBLR/3 ×
1041 ergs−1)(RBLR/10
16 cm)−2(kTBLR/1.9 eV)
−1 cm−3.
Gamma-ray photons around 100GeV will be absorbed
by the photon field of the BLR, with an optical depth
τγγ ≃ nBLRσγγRBLR ≃ 10 where σγγ ≃ 10−25 cm2 is ap-
proximately the peak cross section of the γγ annihilation.
The typical energy of electrons/positrons generated by
100GeV photons is 50GeV. These electrons/positrons
will subsequently radiate ∼ 10GeV photons via inverse
Compton scattering off the grey body radiation from the
BLR with typical energies of a few eV. As a result, the
10GeV gamma-ray flux will be enhanced. Note that the
interaction rate of the photomeson process is roughly
three orders of magnitude smaller than that of the γγ
annihilation with the same target photon field [38, 39],
the photomeson process is henceforth negligible given a
γγ annihilation opacity of only ≃ 10.
The synchrotron radiation of electrons/positrons gen-
erated in cascades can produce strong UV/X-ray emis-
sion. BLR clouds that enter the jet will be fully ionised
by the UV/X-ray emission. Due to the high column den-
sity of BLR we consider, the ionised electrons will provide
a large opacity for optical to X-ray photons by Compton
scattering, while the gamma-ray photons escape due to
the suppressed cross section (i.e., Klein-Nishina effect).
To explain the multiwavelength emission, we invoke a
second radiation zone beyond the BLR where the ki-
netic energy of the jet is dissipated, such as a dissipating
“blob” which is usually employed to explain the multi-
wavelength emission of BL Lac objects in many previ-
ous models [e.g. 40–42]. We ascribe the multiwavelength
emission to the synchrotron radiation and synchrotron
self-Compton (SSC) of the nonthermal electrons acceler-
ated in the blob. Note that having two (or more) radi-
ation zones may not be unnatural. For example, if the
dissipations are produced by internal collisions due to in-
homogeneity in the jet speed, multiple collisions can oc-
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FIG. 1. A sketch illustration (not to scale) for our model. See text for more details.
cur at different places and form multiple radiation zones.
Actually, we have also seen many bright knots distribut-
ing along the jet of radio galaxies (e.g.,[43, 44]). If we
observe these sources on the jet axis, we will see the su-
perposition of the emissions from all those knots. The key
difference between the dissipation in the BLR and out-
side the BLR is the environment in which the dissipation
takes place. If the dissipation does not take place inside
or close to the BLR, then there would be too few target
gas in the dissipation region for efficient pp collision and
subsequently little neutrino will be produced. Due to
this reason, the neutrino emission is not necessarily ex-
pected to be temporally associated with the low-energy
emission.
III. METHODS AND RESULTS
A. Hadronic emission in the BLR
We denote the total luminosity of nonthermal protons
(i.e., the power of accelerated protons) in the jet comov-
ing frame by L′p,BLR (hereafter primed quantities rep-
resent the quantities in the jet comoving frame), and
assume the differential proton spectrum at injection to
be N˙ ′p ∝ E′−sp exp(−E′p,max) in the jet comoving frame,
spanning from the minimum energy 1GeV to the maxi-
mum achievable proton energy in the accelerationE′p,max.
Since the produced neutrino takes about 5% of the en-
ergy of the parent proton, to produce a neutrino of en-
ergy Eν , the proton energy in the jet frame needs to
be E′p ≃ 20Eν/Γj = 1015(Eν/1015)(Γj/20)−1 eV. Gener-
ally, the proton acceleration timescale can be estimated
by t′acc ≃ 1000η(E′p/1015eV)(B′j/0.1G)−1 s, where B′j is
the magnetic field in the jet and η ≥ 1 is a prefactor
depending on the diffusion of CRs. The acceleration of
a proton to this energy is required to be accomplished
before the proton loses a significant fraction of their en-
ergies or within the dynamical timescale. So, we need
to compare the acceleration timescale to the dynamical
timescale t′dyn ≃ 5 × 104(dBLR/3 × 1016 cm)(Γj/20)−1 s
and the energy loss timescale due to pp collision t′pp ≃
7×105(Γj/20)−1(nH/108cm−3)−1(σpp/60mb)−1 s, where
nH ≃ NH/RBLR is the average gas density in the BLR.
Protons may also escape the BLR which depends on a
detailed specification of the geometry, the boundary con-
ditions, and the local turbulence property. Regardless
of the complexity, the limit of the escape timescale is
roughly RBLR/Γjc (i.e., ballistic escape) which is compa-
rable to the dynamical timescale. Thus, the uncertainty
on the escape timescale will not have significant influence
on our results. We show relevant timescales in 2). The
proton spectrum in the BLR can then be estimated by
N ′p = N˙
′
pt
′
p where t
′
p = (t
′−1
pp + t
′−1
dyn)
−1. We then can
obtain the kinetic luminosity of relativistic protons to be
Lp,k = piR
2
jΓ
2
jc
∫
E′pN
′
pdE
′
p/V
′ ≃ Γ2jLp,BLR where Rj is
the transverse radius of the jet and V ′ ≃ piR2jRBLR/Γ is
approximately the volume of the dissipation zone in the
BLR region.
Hadronuclear interactions between accelerated protons
and atoms of in the BLR clouds produce neutral and
charged pions, which eventually decay into gamma-ray
photons, electrons/positrons, and neutrinos, i.e.,
p+ p→ pi0 → γ + γ
p+ p→ pi+ → νµ + µ+ → νµ + e+ + νe + ν¯µ
p+ p→ pi− → ν¯µ + µ− → ν¯µ + e− + ν¯e + νµ
The differential spectrum of the secondary particles pro-
duced in unit time are calculated following the semiana-
lytic method developed by [45] (see also [46, 47]), i.e.,
N˙ ′i(E
′
i) ≡
dN ′i
dE′idt
′
= cn′H
∫ ∞
Ei
σppN
′
p(E
′
p)Fi(
E′i
E′p
, E′p)
dE′p
E′p
(1)
where i could be γ, e or ν, and Fi is the spectrum of the
secondary γ, e± or ν in a single collision. This descrip-
tion works for Ep & 100GeV, while for Ep < 100GeV
a δ-functional approximation for the energy of produced
4pions can be used to obtain the secondary spectrum
N˙ ′i(E
′
i) = 2cn
′
H
n˜
Kpi
∫ ∞
E′i,min
σpp
(
mp +
E′pi
Kpi
)
× ξi
dNp
dEp
(
mp +
E′pi
Kpi
)
dE′pi√
E′2pi −m2pi
(2)
where E′pi is the energy of pions and the pion rest mass
mpi ≃ 135MeV for gamma-ray production and mpi ≃
140MeV for neutrino production. E′i,min = E
′
i/ζi +
ζim
2
pi/4E
′
i, with ζγ = 1 for gamma rays, ζe = 1 for e
±,
(anti-)muon neutrinos and (anti-)electron neutrinos from
µ± decay), and ζν = 1−m2µ/m2pi = 0.427 for (anti-)muon
neutrino from pi± decay. mµ ≃ 106MeV is the muon rest
mass), ξγ = 1, ξµ = 1, and ξe =
35
16 [1− (
E′e
E′e,max
)2]3 where
E′e,max = (E
′
pi +
√
E′2pi −m2pi)/2. Kpi = 0.17, and n˜ is a
free parameter that is determined by the continuity of
the flux of the secondary particle at 100GeV.
FIG. 2. Timescales of various processes in the BLR mea-
sured in the jet comoving frame. The black dotted, dashed,
solid lines represent the dynamical timescale, pp collision
timescale and proton acceleration timescale respectively. The
blue solid, dashed, dash-dotted line represent the synchrotron
cooling timescale, inverse Compton cooling timescale and
bremsstrahlung cooling timescale for secondary electrons re-
spectively. Parameters are the same with the ones shown in
Table. I for s = 2.0.
The produced neutrinos will escape the radiation zone,
but high-energy photons and electrons/positrons will ini-
tiated EM cascades. We follow the treatment in ([48, 49],
also see Supplement for details) to calculate the quasi-
steady state cascade emission, since the cooling timescale
of electrons is shorter than the dynamical timescale (see
blue curves in Fig. 2).
B. Ionisation of BLR clouds and Compton opacity
for UV/X-ray photons emitted in the BLR
The electrons generated in the EM cascade radiate
UV/X-ray photons via synchrotron radiation which can
ionise the BLR clouds. Assuming the clouds are com-
posed of pure hydrogens, the photoionisation cross sec-
tion can be given by [50]
σPI =


σ0
(
Eγ
IH
)−3
, for IH < Eγ . 100IH ,
3e4
2pi σ0
(
Eγ
IH
)−3.5
, for Eγ > 100IH
(3)
where IH = 13.6 eV is the ionisation energy of atomic
hydrogen, σ0 = 6.3 × 10−18 cm2 is the cross section at
threshold and e ≃ 2.72 is the Euler’s number. Take s =
2.0 case as example, we calculate the the photoionisation
rate by
ζion =
∫ ∞
IH
nγ(Eγ)σPIcdEγ ≃ 100 s−1 (4)
where nγ(Eγ) is the differential photon number den-
sity based on the unabsorbed flux emitted by the BLR
shown in Fig. 5. The recombination rate of pure hy-
drogen gas is given by ζrec = 3 × 10−6T−1/2nH ≃
6(kTBLR/1.9 eV)
−1/2(nH/3 × 108) s−1. If the metallic-
ity of the cloud is not zero, the recombination rate will
be further reduced. In addition to photoionisation, some
clouds may directly interact with the jet and a shock may
be driven in the cloud, and the cloud may also be ionised
in this process. Thus, the BLR clouds that entered into
the jet will be fully ionised.
Ionised electrons will scatter the photons to other di-
rection from our line of sight. The optical depth is
τsc = σscnHRBLR ≃ 2 for Eγ <MeV where
σsc = σT ·
3
4
[
1 + x
x3
{
2x(1 + x)
1 + 2x
− ln(1 + 2x)
}
+
1
2x
ln(1 + 2x)− 1 + 3x
(1 + 2x)2
]
,
(5)
with x = Eγ/mec
2. We need to multiply a factor of (1−
exp(−τsc))/τsc to the obtained flux in the BLR region,
and this will reduced the optical to X-ray flux of the
cascade emission but gamma-ray will not be influenced
since the scattering cross section is suppressed by the
Klein-Nishina effect. Note that such a opacity for X-ray
in the BLR is also needed in order not to overshoot the
observed flux.
C. Leptonic emission
Given the Compton opacity of the BLR, to explain the
multiwavelength emission, we invoke a second (or more)
radiation zone beyond the BLR where the kinetic energy
of the jet is dissipated, such as a dissipating “blob” which
is usually employed to explain the multiwavelength emis-
sion of BL Lac objects in many previous models [e.g. 40–
42]. Since dissipations take place outside the BLR, there
will not be pp collision even if CR protons are accelerated
in the blob and hence leptonic emission of accelerated
electrons will dominate.
5We assume relativistic electrons are injected in the blob
with a luminosity L′e. To reproduce the observed flux in
optical to soft X-ray band, we employ a broken power-
law function for the electron injection spectrum, with a
broken energy E′e,b and spectral index s1 and s2 below
and above the break, respectively, i.e.,
N˙ ′e,blob ∝


(
E′e
E′e,b
)−s1
, E′e,0 ≤ E′e < E′e,b(
E′e
E′e,b
)−s2
, E′e ≥ E′e,b
(6)
with E′e,0 being the minimum energy of the injected elec-
tron. Similar to the case of protons in the BLR, we
can obtain the normalisation of the electron injection
spectrum by
∫
E′eN˙
′
e,blobdE
′
e = L
′
e. The total electron
spectrum in the blob comoving frame is then N ′e,blob =
N˙ ′e,blobt
′
e where t
′
e =
(
t′−1c,blob, t
′−1
dyn,blob
)−1
, represent-
ing the electron cooling timescale, and the dynamical
timescale or the adiabatic expansion timescale of the blob
t′dyn,blob = R
′
blob/c respectively. Electron cools due to the
synchrotron radiation and the synchrotron self-Compton
scattering (SSC), so we have t′c,blob =
3m2ec
3
4σT
E′e
u′B,blob+u
′
syn
where u′B,blob = B
′2
blob/8pi is the energy density of mag-
netic field in the blob with B′blob being a free parame-
ter, and u′syn is the energy density of synchrotron radi-
ation of the electrons in the blob which can be deter-
mined from the observed optical flux. The kinetic lumi-
nosity of accelerated electron in the jet can then be ob-
tained by Le,k = piR
′2
blobΓ
2
jc
∫
N ′e,blobE
′
edE
′
e/V
′
blob where
V ′blob = 4piR
′3
blob/3 is the volume of the blob.
On the other hand, primary electrons will also be
accelerated along with protons inside the BLR. We
assume that the injection spectrum of electrons in
the BLR is the same as that in the blob outside the
BLR. The difference is that these electrons mainly
radiate via the inverse Compton scattering off the
external radiation field (BLR’s radiation field), and the
adiabatic cooling of electrons is stronger than that in
the blob outside the BLR given the size of the emission
zone is smaller inside the BLR. The spectrum of the
produced external Compton (EC) radiation peaks at
∼ 10GeV, and does not induce electromagnetic cascades.
After we obtain the differential luminosity of both the
emissions from the BLR and the blob in the comoving
frame, i.e., L′(E′γ) = L
′
BLR + L
′
blob, we can calculate the
flux at the Earth by
fγ(Eγ) =
δ4DL
′(E′γ)
4piD2L
e−τ
EBL
γγ (Eγ ,z) (7)
where the factor δ2D accounts for the beaming effect due
to relativistic motion of the jet (blob) while another δ2D
considers the Doppler boost of the flux. DL = 1.77Gpc
is the luminosity distance for the redshift z = 0.3365,
while Eγ = δDE
′
γ/(1 + z). τ
EBL
γγ is the optical depth
for gamma-ray photons due to the absorption by the ex-
tragalactic background light (EBL). Here we employ the
EBL model provided by [51]. Note that a pure leptonic
model can also give an acceptable fitting to the mul-
tiwavelength flux. The hadronic process is considered
mainly for the neutrino production.
D. Results
We consider two slopes for the accelerated proton spec-
trum in the BLR, say, s = 1.6 and s = 2.0. The pre-
dicted multiwavelength flux and neutrino flux are shown
in Fig. 3, in comparison with the measured multiwave-
length data within two weeks of the neutrino detection.
Model parameters are given in Table. I. We do not op-
timize the fitting (e.g., minimize the χ2) noting instead
simply that a reasonable reduced χ2 is obtained. In both
two cases, the leptonic emission from the blob outside the
BLR makes important contribution to multiwavelength
flux, while hadronic emission including the co-accelerated
primary electrons in the BLR partly contribute to X-ray
and > 10GeV flux. The radio flux can not be fitted in
both two cases due to the synchrotron self-absorption by
the accelerated electrons. The difficulty of fitting the
radio emission has been also found in other BL Lac ob-
jects with it being suggested that the radio emission arise
from an extended region with a weaker magnetic field
(e.g.,[53]). One interesting feature in our model is that
the superposition of the SSC emission in the blob, the EC
emission of primary electrons and hadronic emission in
the BLR can reproduce the flat spectrum in 0.1−10GeV
as observed by Fermi-LAT, while a pure SSC emission
leads to a curved spectral shape. Such a relatively hard
spectrum above a few GeV may be an indicator of the
neutrino emission. Based on the effective area of IceCube
EHE alerts provided in [14], which is about 10 cm2 for
200TeV neutrino and is roughly proportional to the neu-
trino energy in the direction of TXS 0506+056, we find
that, by convolving the predicted neutrino flux with the
effective area, IceCube is expected to detect one muon
(or anti-muon) neutrino event in 0.2 − 7.5PeV in 100
days for s = 1.6 and in 3.8 years for s = 2.0, should the
SMBH activity lasts such a long period of time.
IV. DISCUSSION
A. Comparison with the photomeson model
Different from the conventional hadronic model for
neutrino production in blazars which considers photome-
son process [54–57], we ascribe the neutrino production
to the pp collision by assuming a high column density
gas in the BLR. The efficiency of the hadronic interac-
tion can approach ∼ 10% without introducing too large
an internal γγ annihilation opacity for gamma rays. As
a consequence, our model results in a moderate proton
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FIG. 3. Predicted multiwavelength flux and neutrino flux of TXS 0506+056 for s = 1.6 (upper panel) and s = 2.0 (lower
panel). The red, blue, green curves are the flux from synchrotron and SSC emission of electrons of the blob outside the BLR,
and hadronic emission (including pionic emission and EM cascades) and the EC emission of co-accelerated electrons inside the
BLR, with the black curves being the sum of them. The synchrotron and SSC flux of co-accelerated electrons inside the BLR
is not important (since the cooling due to the EC process is much more important) and thus they are not shown here for the
clarity of the figure. The blue dash curves represent the flux of νµ+ ν¯µ flux assuming a flavor ration of 1 : 1 : 1 after oscillation.
The yellow diamonds are data points taken from [14]. To obtain a reasonable reduced chi-square value, we introduce an error
of 2% for each optical data point, which is the typical level of the systematic error [52].
7TABLE I. Main parameters used in the spectral fittings. Note that some parameters such as the injection spectral index s,
temperature of the BLR cloud TBLR, distance of the BLR to the black hole dblob, bulk Lorentz factor Γ (and velocity), viewing
angle θ, the BLR column density, the BLR size and etc are not treated as free parameters, but are fixed in the calculation
and we do not adjust them to fit the data, whereas paremeters such as the Doppler factor, BLR’s mean atom density, dilutoin
factor of the BLR emission are not independent parameters. The injection spectrum of primary electrons inside the BLR is
assumed to be identical to that in the blob. The number of free parameters in the modeling is 12.
Parameters Descriptions Values
s proton spectral index at injection s = 1.6 s = 2.0
Lp,k jet’s kinetic luminosity of accelerated protons 4.5× 10
46erg s−1 7.7× 1045erg s−1
LBLR luminosity of the grey body emission of the BLR 6.4× 10
41 erg s−1 3.2× 1041 erg s−1
cBLR dilution factor of the grey body emission 1.2× 10
−4 6× 10−5
B′BLR magnetic field of the BLR in the jet comoving frame 0.05 G 0.1G
η the ratio of the mean free path to Larmor radius of protons in the BLR 3 5
TBLR temperature of the grey body emission of the BLR 1.9 eV
dBLR mean distance of the BLR to the SMBH 3× 10
16 cm
RBLR size of the BLR 10
16 cm
NH column density of the BLR 10
24.5 cm−2
nH mean atomic density of the BLR 3× 10
8 cm−3
Γj bulk Lorentz factor of the jet(blob)
a 20
βj bulk speed of the jet(blob) in unit of c 0.9987
θ viewing angle of the jet(blob) 4◦
δD Doppler factor of the jet(blob)
b 13.6
dblob distance of the blob to the SMBH 3× 10
18 cm
Rblob size of the blob 10
16.70 cm 1016.63 cm
B′blob magnetic field of the BLR in the blob comoving frame 0.33 G 0.48 G
Le,k jet’s kinetic luminosity of accelerated electrons 4.2× 10
44erg s−1 4.0× 1044erg s−1
E′e,b break energy in the electron spectrum injected to the blob 6.1GeV 5.1GeV
E′e,0 minimum energy of the electron injected to the blob 0.005 GeV 0.005GeV
s1 electron spectral index before the break 1.55 1.55
s2 electron spectral index after the break 3.72 3.69
a: the bulk Lorentz factors of the blobs inside the BLR and outside the BLR are not necessarily the same.
b: δD = [Γj(1− βj cos θ)]
−1.
power of the jet, i.e., Lp ∼ (0.8−5)×1046 erg s−1, which is
about (5− 30)% of the Eddington luminosity of a SMBH
with a mass of 109M⊙. By contrast, the photomeson
model usually leads to a quite low efficiency for neutrino
production in order to avoid a large internal γγ annihi-
lation opacity for gamma rays and hence has to invoke
a huge proton luminosity that far exceeds the Edding-
ton luminosity of the SMBH. The neutrino spectrum in
the pp collision scenario can extend down to GeV energy
roughly following the proton spectrum, so in principle
we may expect the detection of < 100TeV neutrino from
TXS 0506+056 (perhaps relating to the earlier neutrino
flare from this source [58]).
B. Correlation between the neutrino emission and
the multiwavelength emission
In our model, hadronuclear interactions will take place
only when the dissipation occurs in the BLR. If the dis-
sipation takes place randomly along the jet axis, there
should be more dissipation happening outside the BLR
than inside the BLR. As we can see in Fig. 3, the lep-
tonic emission can solely account for the multiwavelength
data, and hadronic emission is responsible only for part of
the X-ray and gamma-ray emission. Thus, the neutrino
emission is not necessarily correlated with the multiwave-
length flare. On the other hand, we expect a spectrum
hardening above a few GeV due to the inverse Comp-
ton radiation of cascade electrons in the BLR, when the
dissipation happens inside the BLR and trigger an effi-
cient neutrino production. For TXS 0506+056, it seems
that our prediction is consistent with the Fermi-LAT data
within two weeks of the neutrino detection. The spectral
hardening above a few GeV may be an indicator of the
neutrino emission via the pp collision and can be used
to test our model in the future if the statistics is good
enough.
On the other hand, the point-source effective area
of IceCube is about 10 times larger than that of the
EHE alerts. Our model would predict one event de-
tection in ∼ 10 days for s = 1.6 with the point-source
effective area, which is comparable to the dynamical
timescale of an orbiting BLR cloud crossing the jet (i.e.
tc = (dBLR/3× 1016cm)3/2(MBH/109M⊙)1/2 ≃ 106s, as-
suming that clouds orbit with Keplerian velocity and jet’s
width is about 10% of the jet’s length). This is also con-
sistent with a time-dependent analysis using the point-
8source search, in which a Gaussian time window is em-
ployed and no other event around the detection time of
IC-170922A was found, resulting in a & 2σ excess with
the time window being centered at 22 September 2017, a
duration of 19 days and a spectral index of 1.7± 0.6 [58].
In our interpretation, the neutrino emission lasts a few
weeks (unless there are more than one dissipations taking
place inside the BLR) and the event IC-170922A is not a
lucky detection once a dissipation takes place inside the
BLR.
Furthermore, interestingly, [58] also reports an out-
burst of neutrinos detected from TXS 0506+056 during
its quiescent state. Such a discovery favor a hadronuclear
origin of the neutrino outburst and may corroborate with
our model here, suggesting a gas-rich environment in the
vicinity of the supermassive black hole of TXS 0506+056.
C. Jet-cloud interactions
In this work, we take an average gas density of the
BLR to calculate the pp collision for simplicity, based on
the assumed column density and the size of the BLR. In
reality, BLR gas probably exist in the form of gas clumps
or clouds, as we mentioned in Section 2. Some clouds
may encounter the jet when they orbit the SMBH, and
the jet will exert a pressure on the clouds to accelerate
the clouds along the jet propagation axis. The encounter
also drive shocks expanding into the clouds, and hydro-
dynamical instabilities can occur leading to the cloud
deformation and fragmentation [32, 59]. According to
[59], the cloud drag timescale (defined as the time for
the relative velocity between the cloud and the ambient
flow to to decrease by a factor of e−1) and the cloud
mixing timescale (defined as the time needed for the
mass of the core of the cloud to decrease by a factor of 2)
are about one order of magnitude longer than the cloud
shocking time, i.e., ∼ 10tcc = 10χ1/2rc/c ≃ 106 s given a
cloud radius rc = 10
14 cm and a density contrast χ = 3×
103(nc/10
11cm−3)(Lj/10
47ergs−1)(Γj/20)(Rj/10
15 cm)−2
between the cloud and the jet with Lj being the jet’s
kinetic luminosity and Rj being the jet transverse radius.
This timescale is comparable to the dynamical timescale
tdyn and the time needed by the cloud to cross the jet tc.
As a result, a considerable fraction of the cloud material
may be loaded in the jet and jet is slowed down after
passing through the BLR. On the other hand, given the
total cloud mass within the jet section piR2jmpNH and
the mass of a single cloud to be 4pir3cmpnc/3, we can
estimate the total number of clouds in the jet section is
Nc ≃ 25( NH1024.5cm−2 )(
Rj
1015cm)
−2( rc1014cm)
−3( nc1011cm−3 )
−1.
The covering fraction of the jet by these clouds is then
Nc(rc/Rj)
2 = 0.25 (note that the covering fraction for
hadronic emission is unity since pp collisions take place
inside the clouds) if different clouds do not overlap each
other along the jet axis. Thus, we speculate the jet
will not experience a global deceleration. Furthermore,
even if all the BLR clouds that enter the jet are homo-
geneously mixed into the jet, the bulk Lorentz factor
of the jet decrease to Γj/3 considering conservation of
kinetic energy, given the mass of the jet from the base to
the BLR is ≃ LjdBLR/Γc3 = 0.004M⊙. For Γ = 20 and
a viewing angle of 4◦ as employed in the calculation, the
Doppler factor of the jet decreases from δD = 13.6 to
δD = 10.9 after the jet passing through the BLR. Thus,
the deceleration of the jet will not significantly influence
the leptonic emission from dissipation zones outside the
BLR.
V. CONCLUSION
In this work, we proposed a hadronuclear origin of the
high-energy event from the BL object TXS 0506+056.
The multiwavelength flare coincident with the neutrino
event can also be explained under the same framework by
invoking a second radiation zone outside the BLR. Our
model predicts one (anti)muon event detected by the Ice-
Cube EHE alerts per 100days and per 3.8 yrs for a proton
injection spectral index of s = 1.6 and s = 2.0, respec-
tively, while only a moderate sub-Eddington jet power
is required. We suggested that the event IC-170922A is
not a lucky detection once there is a dissipation process
taking place inside the BLR. The neutrino emission is
not necessarily correlated with the multiwavelength flare
but it may be accompanied by a spectrum hardening
above a few GeV, which is consistent with the Fermi-
LAT observation on TXS 0506+056 within two weeks of
the neutrino detection, and it may be used as a test for
our model in the future. The potential of our model to
explain TeV emission of other BL Lac objects will be
studied and the results can be used to forecast their con-
tributions to the diffuse gamma-ray background and the
diffuse high-energy neutrino background.
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9Appendix A: Cascade emission initiated by pp collisions
The high-energy photons and electrons/positrons (hereafter we do not distinguish positrons from electrons) produced
in pp collisions will initiate EM cascades in the BLR via the synchrotron radiation, the inverse Compton (IC) scattering
and γγ annihilation. As we can see in Fig. 2, the timescales of these cooling processes are shorter than the dynamical
timescale, so we follow the treatment in Bo¨ttcher et al. [48], Wang et al. [49] for fast-cooling electrons which are
assumed to be in quasi-steady state. Assuming a homogeneous spatial distribution of electrons in the BLR, the
cascade equation for electrons is given by
∂N ′e
∂t′
+
∂
∂γ′e
(
γ˙′eN
′
e
)
= Q′e,pi +Q
′
e,γγ −
N ′e
t′e,esc
, (A1)
where
γ˙e
′ = − 4cσT
3mec2
(
B′2j
8pi
+ Γ2jcBLRaT
4
BLRκKN(γ
′
e)
)
γ′2e (A2)
is the energy loss rate of electrons due to the synchrotron radiation in the magnetic field of the jet and due to
the IC radiation in the relativistic boosted photon field of the BLR. In the above equation, σT is the Thomson
cross section, κKN is a numerical factor considering modification of the Klein-Nishina effect to the energy loss rate.
We here neglect the electron cooling due to bremsstrahlung radiation, since the cooling time of this process[60]
tbrem = 6.3 × 105(n′H/2 × 109 cm−3)−1 s is much longer than the synchrotron or IC cooling timescale. t′e,esc is the
escape timescale of electrons from the BLR (or the residence timescale in the BLR), which is assume to be the
dynamic timescale t′dyn. On the right-hand side of the equation, Q
′
e,pi = N˙
′
e represents the injection of electrons from
the pp collision via pion decay and Q′e,γγ is the injection rate of electrons from γγ annihilation of gamma-ray photons,
including the annihilation of the high-energy photons from the neutral pion decay produced in the pp collision, and
the high-energy photons produced by the synchrotron and the IC radiation, i.e.,
Qe,γγ(γ
′
e)
′ = fabs(E
′
γ,1)
(
n˙0E′γ,1 + n˙
sy
E′γ,1
+ n˙ICE′γ,1
)
+ fabs(E
′
γ,2)
(
n˙0E′γ,2 + n˙
sy
E′γ,2
+ n˙ICE′γ,2
)
,
(A3)
with
fabs(E
′
γ) = 1−
1− e−τγγ(E′γ)
τγγ(E′γ)
(A4)
being the absorbed fraction of photons. τγγ is the optical depth of the high-energy photon of energy E
′
γ due to γγ
annihilation. Since the optical depth is a Lorentz invariant, we calculate it in the source frame by
τγγ(E
′
γ) =
2RBLR
Eγ
∫ ∞
1
sσγγ(s)
∫ ∞
sm2ec
4/2Eγ
nph(ε)
ε2
dε (A5)
where Eγ = ΓjE
′
γ ,
√
s is the center-of-momentum Lorentz factor of the produced pair, ε is the photon energy of the
BLR and σγγ is the total cross section for the γγ annihilation given by [61].
Two electrons are produced in each γγ annihilation, taking a fraction of fγ and 1− fγ of the energy of the incident
gamma-ray photon, respectively. Therefore, to the produce an electron with energy γ′e, the photons need to have the
energy of either E′γ,1 = γ
′
e/fγ , or E
′
γ,2 = γ
′
e/(1− fγ). That is the reason why Eq. (A3) contains two parts. According
to Bo¨ttcher et al. [48], taking fγ = 0.9 can lead to a cascade spectrum in a good agreement with the numerical Monte
Carlo simulations.
In the quasi-steady state, we have
∂N ′e
∂t = 0 and the solution to Eq. A1 is given by
N ′e(γ
′
e) = −
1
γ˙′e
∫ ∞
γ′e
dγ˜′e
[
Qe(γ˜
′
e) + N˙
′
e,γγ(γ˜
′
e)−
N ′e(γ˜
′
e)
t′e,esc
]
, (A6)
Since the electron spectrum N ′e(γ
′
e) appears at both sides of the Eq. (A6), the electron spectrum is calculated
progressively, namely, starting from the highest electron energies and then using the solution of N ′e(γ
′
e) for large γ
′
e
as one progress toward the lower values of γ′e, to obtain the final electron spectrum in the quasi-steady state. The
obtained electron energy spectrum in the jet comoving frame is shown in Fig. 4. Then, we use the obtained N ′e to
get the synchrotron and IC radiation of cascaded electrons in the quasi-steady state. In Fig. 5, we decompose the
hadronic emission in the BLR into difference components.
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FIG. 4. Steady-state electron energy spectrum in the cascade. The solid and the dashed curves are for s = 1.6 and s = 2.0
respectively.
1. Influence of an infrared photon field from dusty torus
Now let us study the effect of an additional infrared photon field supplied by the possibly existed dusty torus.
The dusty torus generally locate at an extended region of 0.1 − 10pc. Similar to the BLR, the torus absorbs part
of the AGN emission and reprocesses it into infrared emissions, which consist of multiple grey body components of
temperature ranging from ∼ 50K to 1000K. High-energy gamma rays that escape the BLR may interact with the
infrared photon field of the dusty torus, generate electron pairs and re-emit at lower energy. Let us consider that the
dust of temperature TDT emit at a luminosity of LDT, extending a spatial scale of RDT. They supply a photon field
of number density
nph,DT ∼
LIR
3kTDTpiR2DTc
≃ 8× 105(LIR/1041erg s−1)(RDT/1 pc)−2(TDT/300K)−1 cm−3 (A7)
within a scale of RDT around the SMBH. For hot dust of temperature 1000K extending a spatial scale of RDT = 0.1 pc,
we obtain a photon number density of nph,DT = 3× 107 cm−3 with LDT = 1041 erg/s which is comparable to the BLR
luminosity. Such an infrared photon field typically absorbs ∼ 4TeV gamma rays. The optical depth of γγ annihilation
can be estimated by τγγ,DT ≃ nph,DTσγγRDT ≃ 0.8 for gamma-ray photons of energy 4TeV typically. The photon
density from hot dust will drop quickly and become anisotropic at the region beyond 0.1 pc and hence do not further
contribute the optical depth. Similarly, we can obtain the optical depth by warm dust of 300K at a scale of 1 pc by
τγγ,DT ≃ 0.2 for ∼10TeV gamma rays and by cold dust of 50K at a scale of 10 pc by τγγ,DT ≃ 0.1 for ∼80TeV gamma
rays, if we assume the luminosity of each of these emitters is LDT = 10
41 erg/s. Therefore, only a small fraction of
the energy of escaping gamma rays will go into lower energy emission and do not add to the jet emission.
Assuming the infrared photon field is composed of grey body emissions of the dusty torus of three temperatures at
different spatial scales, we employ Eqs.(A1)-(A6) to deal with the cascade emission in the infrared photon field with
a few modifications: (i) for the electron injection, the term Q′e,pi will not show up in Eq. (A1) since there is no target
11
FIG. 5. Fluxes of various hadronic-originated emissions in the BLR. The red and orange solid curves represent, respectively,
the synchrotron and inverse Compton radiation of electrons generated in the cascade. The blue curve represents escaping pionic
gamma rays (i.e., gamma rays that are not annihilated and hence do not attend the cascade process). The black solid curve are
the summon of the above three components and the black dashed curves are the flux after absorption through photoionisation
and due to EBL absorption. The upper panel is for s = 1.6 and the lower panel is for s = 2.0.
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for pp collision beyond the BLR; (ii) Eq. (A3) now reads
QDTe,γγ(γ
′
e)
′ = fDTabs (E
′
γ,1)
(
n˙syE′γ,1
+ n˙ICE′γ,1
)
+ gDTabs n˙
BLR
E′γ,1
+ fDTabs (E
′
γ,2)
(
n˙syE′γ,2
+ n˙ICE′γ,2
)
+ gDTabs n˙
BLR
E′γ,2
,
(A8)
where n˙BLRE′
γ,1/2
is the photon emission rate of the BLR obtained above. fDTabs holds the same form of Eq. A4, while
gDTabs = 1 − e−τγγ,DT because photons injected from the BLR will penetrate the whole infrared photon field; (iii)
for cascade emission in the infrared photon field, there is no opacity from ionised electrons since the region where
the cascade develops is far beyond the BLR. We compare photon fluxes obtained with and without considering the
emission of dusty torus in Fig. 6. As can be seen, the predicted flux almost does not change after introducing the
infrared emission from the dusty torus. The magnetic field in this extended region of of R = 0.1− 10 pc is supposed
to be much weaker than that in the BLR since this region is far beyond the dissipation region. We the magnetic field
density decrease as R−2 (i.e., magnetic luminosity conserves) in the calculation. At a larger spatial scale of ∼ 100 pc,
the escaping gamma rays can be absorbed by the reprocessed emissions of dust in the starburst region of the host
galaxy. We assume the generated electrons will be isotropised and their emission is negligible compared to the jet
emission.
FIG. 6. Comparison of hadronic-originated fluxes between the case with (solid curves) considering the infrared photon field
emitted by the dusty torus and the case without (dashed curves) considering it. The red curves represent the fluxes after the
attenuation due to EBL (at high-energy end) and due to Compton scattering of the electrons in the BLR (at low-energy end),
while the blue curves represent the flux before the attenuation. The green dotted curve shows the synchrotron radiation and
IC radiation of electrons generated in the infrared photon field.
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